Abstract There are several potential causes for an athlete to collapse without trauma on the playing or practice field. Fortunately, most of the time the etiology is benign and recovery is rapid and uneventful. However, when faced with a collapsed athlete, medical personnel need to be prepared for life-threatening conditions until these conditions are ruled out. The most common cause of atraumatic sudden death in athletes is cardiac arrest, usually because of a variety of underlying cardiac conditions. Immediate initiation of CPR with rapid AED use can be the key to survival. Rectal temperature can detect possible heat stroke with need for immediate cooling instituted prior to athlete transport. Exertional hyponatremia is another cause of life-threatening collapse in prolonged endurance events such as marathons and triathlons.
Introduction
Although not common, medical personnel can be faced with an athlete who has collapsed either during competition or training sessions. The potential etiologies of collapse are varied. Often the cause of collapse is from obvious trauma, which will not be covered in this article. Atraumatic collapse is fortunately benign most of the time. However, more serious etiologies need to be considered during the evaluation. This paper will provide a review of some of the more common serious as well as benign causes of atraumatic collapse, followed by diagnostic considerations, and finally brief overviews of initial management. Since one of the main goals of the initial assessment of the collapsed athlete is to evaluate for a life-threatening condition, the most common life-threatening conditions in athletes will be reviewed first.
Common life-threatening etiologies of collapse
In one of the earlier case series of atraumatic deaths in sports, Van Camp et al [1] collected data from organized high school, college, and professional sports in the United States. Out of 136 atraumatic deaths in athletes, 100 were of cardiac etiology, most commonly from hypertrophic cardiomyopathy, anomalous coronary arteries, and a variety of other underlying cardiac conditions. Another 13 deaths were attributable to heat illness, 7 to exertional rhabdomyolysis (all with underlying sickle cell trait), 4 to asthma, and 3 to lightning strikes.
In a more recent case series by Maron et al [2] , 1866 deaths of US competitive athletes were studied. Four hundred sixteen of these deaths were due to traumatic etiologies. Another 1049 were due to cardiac causes, most with underlying conditions such as hypertrophic cardiomyopathy, anomalous coronary arteries, myocarditis, arrythmogenic right ventricular cardiomyopathy, and others. Sixty-five deaths were attributable to commotio cordis, 46 to heat illness, 34 to drug use, 15 to asthma, and 13 to pulmonary emboli.
Harmon et al [3] studied 273 deaths among NCAA studentathletes. One hundred eighty-seven were due to nonmedical causes (accidents, suicides, homicides, overdoses). Of 80 deaths with medical causes, 45 were cardiac-related. Of 36 deaths that were associated with exertion, 27 were due to cardiac causes, and the rest were attributable to heatstroke (half with sickle cell trait).
Looking at football fatalities in the United States, data from the National Center for Catastrophic Sports Injury Research from 1990 to 2010 indicated that of 243 deaths, 79 were traumatic and 164 were atraumatic [4] . Of the 164 atraumatic fatalities, 100 were due to cardiac conditions, 36 heat illness, 11 sickle cell trait, 7 asthma, 7 commotio cordis, 5 pulmonary embolus, 3 abdominal, 3 infection, and 3 lightening.
Most data regarding deaths in older athletes comes from road race data, which indicates that the majority of atraumatic deaths are due to coronary artery disease [5, 6] .
To summarize the data regarding the more common etiologies of sports-related deaths, case series are consistent in finding that atraumatic athletic deaths are mostly due to cardiac etiologies. The vast majority of these cardiac-related deaths are due to underlying cardiac conditions, which are often congenital: mostly hypertrophic cardiomyopathy, anomalous coronary arteries, arrhythmogenic right ventricular cardiomyopathy, myocarditis, Marfan's, Long QT syndrome, Wolf-Parkinson-White syndrome, other arrhythmic disorders, and others. In older athletes, deaths because of coronary artery disease predominate. Besides cardiac deaths, other common etiologies include heatstroke, asthma, pulmonary embolus, rhabdomyolysis, and others.
Management considerations
Since the most common potentially life-threatening causes of collapse in athletes are cardiac, it is recommended that any athlete who collapses without contact or trauma be regarded as being in cardiac arrest until proven otherwise [7] . The single greatest factor affecting survival from cardiac arrest is time from arrest to defibrillation. Out-of-hospital arrest data indicate that survival rates decrease 10 % for every minute that defibrillation is delayed without cardiopulmonary resuscitation (CPR), but only decreases 3 %-4 % if CPR is being administered [8] . With improved public access defibrillation available, out-of-hospital arrest survival rates have improved from 41 % to 74 % with bystander CPR and lay rescuer automated external defibrillator (AED) use [9] .
Initial reports of athlete survival from cardiac arrest suggested a low survival rate of 11 % (1 of 9) despite average reported defibrillation time of 3.1 minutes [10] . However, review of the same data by the authors suggested that the reported defibrillation times were likely inaccurate since many of the victims were not defibrillated until after arrival of EMS [11] . More recent data show greater than 60 % survival rates in young athletes if prompt CPR and defibrillation occurs [8, 11, 12] .
Marijon et al [13] performed a national survey of sportsrelated sudden death in subjects from ages 10 to 75 in France from 2005 to 2010. Of 820 sports-related sudden deaths, 6 % occurred in young competitive athletes, whereas more than 90 % occurred during recreational sports activities. Bystander CPR was commenced in only 30.7 % of cases, but was a strong predictor of survival to hospital discharge (odds ratio 3.73 (95 % CI 2.19-6.39)), as was initial use of cardiac defibrillator (odds ratio 3.71 (95 % CI 2.07-6.64)). The highest survival rates occurred in districts with high rates of bystander CPR.
A recent study by Drezner et al [14• •] demonstrated high survival rates for sudden cardiac deaths for high schools with AED programs. This study surveyed 2149 high schools, of which 87 % had an AED program. Fifty-nine cases of sudden cardiac arrest occurred, including 26 (44 %) in students, and 33 (56 %) in adults. Ninety-two cases received prompt CPR and 50 (85 %) had a defibrillator applied, of which 39 (66 %) had a shock applied. Forty-two of 59 (71 %) survived to hospital discharge, including 16 of 18 (89 %) student athletes, and 8 of 9 (89 %) adults who arrested during physical activity.
A more recent study by Marijon et al [15• ] reviewed data from a French registry of sudden cardiac deaths during sports over a 5-year period, comparing outcomes in differing regions of the country. Among 820 sudden cardiac deaths, 15.7 % survived to hospital discharge. However, regional differences in survival varied from 3.4 % to 42.6 %. The authors noted that prompt initiation of bystander CPR increased the rate of survival, as did the presence of a shockable rhythm. EMS arrival times did not vary across regions. Subject characteristics and circumstances of the cardiac arrests did not differ among survival groups. The authors concluded that increased survival rates were attributable to availability of bystander CPR prior to the arrival of EMS.
Berdowski et al [16] reviewed out-of-hospital cardiac arrests in a Dutch province in persons aged 10-90 years. Of 2524 cardiac arrests, 143 (5.7 %) with mean age 59 were exercise related, of which 7 were younger than 35 years-old. This study found that the survival rate was better for the exercise group (46.2 %), than for the nonexercise group (17.2 %). The exercise-related arrests were more likely to be witnessed, had higher rates of bystander CPR, had higher rates of AED use, more often had a shockable rhythm, and had shorter Emergency Medical Services response times.
Commotio cordis
Commotio cordis represents a distinct situation whereby a structurally normal heart without any underlying congenital problems, goes into ventricular fibrillation after chest impact [17] . The chest impact is usually not severe and can occur with a fist, elbow, or more commonly a hockey puck, lacrosse ball, softball, or baseball. This can occur even if the athlete is wearing a sport-appropriate chest protector. Collapse is usually instantaneous, but a percentage of victims will remain upright, active, and lucid for 10 to 20 seconds before collapse.
Commotio cordis is generally reported in children or adolescents, who it is speculated may be more susceptible to this condition because of their more compliant chest walls. Experimental studies using a swine model have shown that if the chest wall over the heart is impacted 15-30 msec prior to the peak of the T-wave on the ECG cycle, which represents about 1 % of the cardiac cycle, ventricular fibrillation can be produced [18, 19] . Survival is dependent on immediate defibrillation [20] . Earlier reports suggested poor survival rates with speculation of more difficult resuscitation for commotio cordis [10, 21, 22] . However, more recent data suggest similar survival rates to other causes of sudden cardiac arrest if immediate CPR and defibrillation is initiated [20] .
Management of collapse and cardiac arrest
Studies have shown poor recognition of cardiac arrest by both lay bystanders as well as trained medical personnel. Hence, a high index of suspicion for arrest should be maintained, and as aforementioned cardiac arrest should be assumed until proven otherwise. Current ACLS guidelines [23, 24] recommend against attempts at assessing pulse by lay bystanders because of the high rate of inaccuracies. Even for trained medical personnel, data indicate high rates of inaccuracies also [23, 24] , so only very limited attempts at pulse assessment is recommended (no more than 10 seconds). Time should not be wasted while attempting to assess pulses and delaying CPR or defibrillation. Brief seizure-like activity with myoclonic movements have been reported in over 50 % the athletes with cardiac arrest [25] . Often bystanders are fooled into assuming the athlete's condition is a seizure, which is another common source of delay of prompt CPR and defibrillation. Agonal respirations or gasps are often mistaken for normal breathing, which is an additional common cause of not recognizing cardiac arrest [23, 24] . An unresponsive athlete with agonal respirations or gasps should be considered to be in cardiac arrest unless another obvious explanation exists; however, time should not be wasted attempting to determine the etiology of collapse [23, 24] .
Although a comprehensive review of current CPR and ACLS guidelines is beyond the scope of this article, a brief summary follows. One major emphasis of the most recent CPR and ACLS protocols [23, 24] is the emphasis on chest compressions with less emphasis on rescue breathing, and less emphasis on checking of pulses after either CPR or immediately after defibrillation.
After calling 911 to activate EMS, an AED or manual defibrillator should immediately be used if available. If no AED or manual defibrillator is immediately available, chest compressions should be started without delay. Instead of the previously emphasized order of ABC with airway and breathing taking top priority, more recent recommendations have changed to CAB with circulation and chest compressions taking top priority [23] . Hence, valuable time should not be taken to assess airway and breathing at the cost of immediate restoration of circulation. The newer CPR guidelines recommend compression to breath ratios of 30:2; 30 compressions at a rate of 100 per minute, followed by 2 breaths [23, 24] . If it has been over 3-5 minutes since collapse, although some debate exists, it is recommended that 4-5 cycles of CPR be given to increase circulation before defibrillation is administered. After defibrillation, it is now recommended that chest compressions be resumed immediately rather than observing for return of cardiac rhythm [23, 24] .
For the facedown victim who possibly has a cervical spine injury, detection of breathing status can be very difficult. It is recommended that the athlete be rolled into a supine position in order to assess breathing and initiate CPR. The concern for protecting the cervical spine should not hinder the rapid assessment and initiating of resuscitation [23, 24] .
The current strong emphasis on early defibrillation in situations of cardiac arrest has spurred debates concerning widespread availability of AEDs, especially in locales where immediate EMS availability may be limited. Cost, feasibility, and liability issues have arisen. Along with AED availability, more emphasis is being placed on practiced and rehearsed emergency action plans in order to increase preparedness and proper use of the AED [11, 26•] .
Exertional heatstroke
With prolonged exercise in hot and humid environmental conditions, exertional heatstroke needs to be considered in the collapsed athlete. The internal heat generated by vigorous exercise can be difficult to dissipate in hot and/or humid environments, which can lead to increases in core body temperatures. Life-threatening heatstroke is generally characterized by core temperatures above 40 0 Celsius (104 0 Fahrenheit) along with associated mental status changes. The collapsed athlete may present with headache, confusion, disorientation, ataxia, lethargy, or coma.
Grundstein et al [27] reviewed 58 heat-related deaths in American football occurring between 1980 and 2009, from data reported to the National Center for Catastrophic Sports Injury Research. The majority of deaths occurred in the southeastern United States. Sixty-six percent of deaths occurred during early August, with several during the 1st or 2nd preseason practices. Offensive and defensive linemen, who were generally the heaviest players, accounted for 86 % of the deaths. Often, the meteorologic conditions were unusually hot and humid by local standards. Wet-bulb globe temperature, which accounts for solar radiation in addition to air temperature and humidity, tended to account for heat-related death risk more than the heat index, which tended to underestimate the risk.
In a collapsed athlete in whom cardiac arrest has been ruled out, especially in relatively warm environments, exertional heatstroke needs to be strongly considered. The availability of a rectal thermometer is critical as other means of temperature measurement including oral, forehead, and axillary, have been shown to be inaccurate assessments of core temperature and can often give a false sense of security leading to misdiagnosis in cases of potentially life-threatening heatstroke [28, 29] .
The prognosis in heatstroke is dependent not only on height of core temperature, but more importantly the duration of temperature elevation. Morbidity has been shown to be directly related to duration that core temperature remains above 40.5°C [30] . Hence, rapid cooling should be the top priority in cases of heatstroke or suspected heatstroke, and should begin prior to attempted transport of the athlete.
Although some debate exists concerning the safest and most effective method of cooling the athlete, most studies indicate that water bath immersion produces the fastest decrease in core temperature [31] . Controversy also exists concerning the most appropriate temperature of the water bath [32] . Concern over patient discomfort and the production of shivering with subsequent peripheral vasoconstriction with the use of ice water has led some experts to recommend use of temperate water baths [33] . A recent experimental study by Friesen et al [34] using subjects exercised to 40°C, but without actual heatstroke, demonstrated clearly superior cooling with ice water compared with temperate water.
If an ice-water bath is not immediately available, use of ice water or cold water soaked towels placed over the athlete combined with fans, can be effective. Ice packs placed near central arteries in the neck, axillae, and groin can also be effective. Again, the goal is to begin cooling the athlete immediately prior to and while waiting for transport. Cooling measures should be continued during transport to an emergency center.
Exertional hyponatremia
A leading cause of collapse with potential for death during prolonged running races or triathlons is exertional hyponatremia. This was originally described by Noakes et al in 1985 [35] . Since then, several case reports and case series have described race participants with low sodium levels (usually less than 135 mEq/L), with mental status changes from cerebral edema. The pathophysiology is thought to be due to excessive water or hypotonic fluid ingestion during the race and incompletely suppressed arginine vasopressin (AVP) levels, which leads to water loading without compensatory dilute diuresis, and a subsequent dilutional hyponatremia.
Most commonly, this occurs in slower runners who drink large amounts of fluids at several water stops along the race course. This condition is only rarely reported during shorter races or during team sports.
For longer road races and triathlons, in addition to having an available rectal thermometer, a portable on-site sodium concentration analyzer is a recommended piece of equipment. Signs and symptoms in an athlete with exertional hyponatremia can overlap with exertional heatstroke, and distinguishing the 2 conditions can be very difficult without measuring core temperature and serum sodium. In athletes who have altered mental status, are dizzy, confused, nauseated, having seizures, are lethargic or comatose, if exertional heatstroke is ruled out by near normal temperatures, exertional hyponatremia should be considered. Often, these athletes will have gained weight during the race because of inappropriate retention of the excessively ingested free water. However, weight gain during the event is not required for the diagnosis, and exertional hyponatremia can occur in athletes who have lost water weight also. Typically serum sodium levels above 130 mEq/L are asymptomatic or minimally symptomatic [36, 37•] and only require observation and restriction of oral hypotonic fluid ingestion.
For symptomatic athletes with sodium levels below 130 mEq/L, treatment recommendations include avoidance of hypotonic or isotonic fluids, and administering hypertonic saline. Although not studied extensively, if available on-site, treatment with 100 ml of IV 3 % hypertonic saline is recommended, and can be given 3 times at 10 minute intervals [37•, 38-40] . The immediate goal is to raise the serum sodium level by 4-5 mmol/L and decrease cerebral edema with symptom improvement. Oral hypertonic solutions have also been studied for the treatment of exertional hyponatremia. Siegel et al [40] used a 9 % solution of concentrated broth; and Owen et al [41] used an oral 3 % solution.
Since the giving of oral and sometimes IV fluids is often a universal standard procedure for almost all race participants seeking medical attention, this has the potential to worsen exertional hyponatremia. Hence, the importance of a high index of suspicion given the appropriate clinical scenario, as well as measurements of rectal temperature and serum sodium to distinguish this condition from exertional heatstroke where fluids is the appropriate treatment.
Exercise-associated collapse
Much more common than the potentially lethal cardiac and heatstroke etiologies of atraumatic athletic collapse, is what is now termed exercise-associated collapse, which has mostly been described in the setting of road races and triathlons [42] . This is typically characterized by an athlete who collapses either immediately upon crossing the finish line or within a few moments of finishing. The etiology is thought to be postural hypotension from vascular pooling in the lower extremity veins. While running, the muscular contractions of the lower extremity continue to pump blood from the capacitance veins in the lower extremities back to the heart to maintain cardiac preload. Upon cessation of running after crossing the finish line, these capacitance veins no longer have muscular contractions to pump the blood, leading to pooling of the blood in the lower extremity veins and lack of preload to the heart, which decreases cardiac output, leading to postural collapse. This phenomenon should not occur prior to finishing a race, and hence, the athlete who collapses prior to the finish should still be suspected of having possibly a more potentially lethal etiology.
St. Clair Gibson et al [43] describe typical sequences of changes in posture and gait of runners attempting to reach the finish line while nearing muscular exhaustion and system failure. They term the progressive forward flexed positions of the exhausted runner "early Foster," "half Foster," and "full Foster," and speculate that the progressively dependent head position angulations enable attenuation of postural hypotension.
Although exercise-associated collapse can be quite dramatic, it is considered benign and carries a good prognosis. Although dehydration which can further decrease preload may contribute, it is usually not the overriding etiology. Treatment generally involves laying the athlete down with legs elevated in order to increase blood flow back to the heart again. Close observation is recommended to make sure potentially lethal conditions have not been missed. IV or oral hydration may be given, but IV hydration has not been demonstrated to offer a great advantage in outcome over oral hydration [44, 45] .
Summary and suggested protocol (Fig. 1) When an athlete collapses during competition or practice, lethal conditions which potentially could be fatal should be considered first and ruled out. Since the most common cause of sudden death in athletes is cardiac arrest, this should be foremost on the minds of medical personnel and other bystanders. If an on-site AED is available, it should immediately be applied to an unresponsive athlete to determine if a shockable rhythm is present. Concurrent CPR should be begun while securing and preparing the AED. If the AED indicates that the collapsed athlete is not in cardiac arrest, and no other obvious cause of collapse exists, rectal thermometer should be used to check for evidence of heat illness if conditions make that a possibility [46] . If both cardiac arrest and heatstroke are ruled out, and on-site sodium and glucose analyzers are available, these laboratory values should be checked. Prior preparation with AED program and emergency action plans can be the key to successful resuscitation of a collapsed athlete. 
Conclusions
Life-threatening conditions leading to atraumatic collapse of athletes are fortunately rare, but certainly do exist. The most common causes of sudden death in athletes are cardiac arrest, followed by exertional heatstroke. A high index of suspicion for these potentially life-threatening conditions can help lead to successful outcomes. Preparedness with immediate CPR and rapid use of AED in cases of cardiac arrest greatly improve survival rates. On-site detection of heatstroke followed by immediate action with immersion in cold water baths can be life-saving. Suspicion of exertional hyponatremia in the appropriate settings can lead to quicker treatment for this condition. Animal studies done by authors (but no human studies) This article does not contain any studies with human subjects performed by any of the authors. With regard to the authors' research cited in this paper, all institutional and national guidelines for the care and use of laboratory animals were followed.
